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Allopurinol Pretreatment Improves Evoked
Response Recovery Following Global Cerebral

Ischemia in Dogs

Richard B. Mink, MD: Andrew J. Dutka, MD; and John M. Hallenbeck. MD

The reperfusion of previously ischemic tissue may lead to the formation of highly reactive free qt
radicals that promote tissue injury. Xanthine oxidase has been implicated as one source of
these free radicals. We examined the role of xanthine oxidase in brain injury using a
cerehrospin,! fluid compression model ol global cerebral ischemia with 15 minutes of ischemia L-
and 4 hours of reperfusion. Seven dogs were pretreated with the xanthine oxidase inhibitor ___.

allopurinol (50 mg/kg for 5 days). Neurophysiological recovery was monitored with cortical ____

somatosensory evoked potentials. As an attempt to correlate brain recovery with the mechanism |
of protection, free brain malondialdehyde was measured at the end of reperfusion by
high-performance liquid chromatography. Brain water content was measured by wet-dry
weights. Compared with seven untreated control dogs, allopurinol pretreatment significantly 0
improved recovery of somatosensory evoked potentials after 4 hours of reperfusion. However, -
the amount of free malondialdehyde in the allopurinol-treated dogs was 32% greater than that
in the controls. Brain water content was similar in the two groups. These results suggest that
xanthine oxidase contributes to brain injury after ischemia and reperfusion. However, tissue
damage caused by xanthine oxidase may be mediated through mechanisms other than free
radical production. (Stroke 1991;22:660.-665)

he reperfusion of previously ischemic cerebral which then generates free radicals during reperfu-

tissue is essential to the recovery of brain sion.4-' Irreversible XO is formed from proteolytic
function. However, reperfusion may para- cleavage of XD whereas sulfhydryl oxidation results

doxically lead to the formation of highly reactive in the formation of reversible XO.1,1
oxygen free radicals that damage tissue.' Xanthine If XO contributes to tissue damage in cerebral
oxidase (XO), an enzyme that converts hypoxanthine ischemia/reperfusion injury, then inhibiting the en-
to xanthinc and xanthine to uric acid, may be one zyme hould improve cerebral recovery after isch-
source of these free radicals. In normal brain, XO emia and reperfusion. Furthermore, if XO causes
exists mainly as the non-free radical generating damage by generating free radicals, improved recovery
xanthinc dehydrogenase (XD), 2 although a small should be accompanied by lower levels of lipid peroxi-
amoui of oxid se is found in the cerebral endothe- dation, an index of free radical damage. We tested
Iium. ' During ischemia. XD may be converted to XO these hypotheses in a canine model of global cerebral

ischemia after pretreatment with allopurinol, an inhib-
From the Diving Medicine Department (R.B.M., A.J.D.), Naval itor of both XD and XO.

Medical Research Institute, Bethesda, Md.. the Department of
Critical Care Medicine (R.B.M.). Children's National Medical
('enter. Washington, ).C., and the Department of Neurology Materials and Methods
(J.M.I1.), Bethesda Naval Hospital. Bethesda, Md. The experimental protocol was reviewed by the
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Prepared by United States government employees as part of certified as conforming to the principles described in
their official duties and, therefore, cannot be copyrighted and may the National Institutes of Health "Guide for the Care
be copied without restriction. The views. opinions, and/or findings
contained herein are those of the authors and should not he and Use of Laboratory Animals" (Department of
construed as official or reflecting the views and policies ot the Navy Health and Human Services publication No. 86-23).
Department or the naval service at large. Details of this preparation have been published

Address for torrespondence: Richard B. Mink. MD, National previouslv. Sixteen adit male monorel dogs weigh"
Naval Medical Center, Naval Medical Rese,-rch ' q 4". "

.... _'-^icthesda, MD 20814-5055. ing 11.3-13.2 kg were preanesthetized with 2 mg/kg
Received June 7. l99q); accepted January 15, 199,. i.m. xylazine and 0.05 mg/kg i.m. atropine and were

,9 , 1i-



.\hnk al Xanthine Oxidase in Cerebral Ischemia 601

maintained oin intravelots o-chloralosc (N8t) ig kg 3 C. Malondialdehvde ill the solution was separated
initiull, then 20rg kgc CeCry2) minutes). The dogs by a high-pertormanee liquid chronatograph
were intubated and mechanically ventilated and re- equipped with a carbohydrate analysis column (Wa-
cekied 0.1 mg kg iiv. pancuronium bromide every ters (hromatography Division. Millipore Corp., Mil-
hour for inmuscIe relaxation. Ihntra\elous and intra- ford, Mass.) and a 270 nn ultraviolet detector. A
arterial emoral lines were placed for the administra- standard malondialdehvde solution was made by
tion of fluids and drugs. monitoring of blood pres- hvdrolyzing malonaldehvde-bis(diethvlacetal) (Aid-
sure, and sampling of blood for thk. measurement (t rich Chemical Co., Milwaukee. Wise.) in I K' sulfuric
pH. Pao,. Pam-, and hcmatocrit. Rectal temperature acid. The malondialdchyde concentration in the stan-
was maintained at 38.0_0.50 C. Somatosensory dard solution was conhirmed by measuring the ultra-
evoked potentials (SEPs) were measured (CA 10tl0. violet absorbance at 245 nm (e= 13.700). The amount
Nicolet Instruments Corp... Madison. Wis.) over the of malondiaidehvde in the sample was calculated by
right cerebral cortex with stimulation of the left
median nerve (stimulus 17-1 't) mA. duration 1l) comparing the peak height of the sample with that of

reset, 1.7 repetitions see '. bandpass ilter 30)-3000 the standard solution.
Hz. average of 40) repetitions). Prior to ischemia. The XO and XD+XO activities were determined
baseline SEPs were obtained and the PI-NI ampli- by a modification of the method of Mousson et al. 2

tudes avcraged; SEP recovery is expressed as a Brain tissue was homogenized and centrifuged. and
pt -' :cnt, ( *,:" .... An 8-gauge the supernatant was removed. The supernatant was

spinal needle was placed percutaneously in the cis- not passed through a column to remove endogcnous
tcrna magna to monitor intracranial pressure and inhibitors since this also removes the administered
infuse Elliott's B solution, a mock ccrebrospinal fluid allopurinol. Aliquots were Incubated at 37°C with
(CSF) solution."I 8-t'4 Clhypoxanthine (ICN Biomedicals. Inc.. Costa

The allopurinol-treated dogs were randomly se- Mesa, Calif.) in the presence (XD+XO activity) or
lected and received 300 mg allopurinol (Zyloprim, absence (XO activity) of oxidized nicotinamide ade-
Burroughs Welleome Co., Research Triangle Park, nine dinucleotide. At the conclusion of the 1-hour
N.C.) orally twice per day for 4 da~s preceding the incubatio:i, the reaction was terminated by the addi-
experiment. On the day of the investigation, an tion of 1.7 M perchloric acid. After centrifugation,
additional 50 mg'kg was given intravenoUsly. The hypoxanthine was separated from xanthine and uric
control dogs received the vehicle (normal saline. pH acid by thin-layer chromatography. Radioactivity was
11.2) intravenously. Animals were ,ubjected to 15 determined by direct counting, and enzyme activity
minutes of cerebral ischemia by elevating the intra- was calculated by the ratio of the radioactivity of
cranial pressure to equal the mean arterial pressure xanthine and uric acid to that of hypoxanthine plus
with the infusion of warmed (38°(C) Elliott's B solu- xanthine plus uric acid. The limit of detection of this
tion. Proper placement of the spinal needle in the assay is 0.3 nmoi xanthine and uric acid/min/g protein
cisternal magna was verified by an unmeasurable for both XO and XD+XO.
SEP during ischemia. In previous experiments with We used both parametric and nonparametric
this model. 1(Cliodoantipyrine was used to confirm methods of statistical analysis. Wilcoxon's rank sum
the complete absence of cerebral blood flow during test was used for between-group comparisons. Re-
ischcinia.'" To combat the systemic hypertension peated-measures analysis of variance was used to test
that occurs w ith intracranial hypertension, aliquots of the effects of treatment over the time course of the
blood were withdrawn and 2.5-11 mg i.v. phentol- experiment. Data are presented as mean_SD:
amine w:,s administered as necessary. Rcperfusion p<0.05 was considered significant.
was initiated by allowing CSF to drain until the
intracranial pressure was <20 mm Hg. A cerebral Results
perfusion pressure of at least 61) mm Fig was main- A total of 16 experiments were performed. Two
tained during reperfusion by infusing previously with- experiments were terminated prematurely. In one.
drawn blood, administering fluidr, and'": irfusing thc dog died duiing reperfusion and in the other.
norcpincphrine. At the conclusion of the 4-hour there was difficulty placing the spinal needle in the
reperfusion period, the brains were rapidly removed cisterna magna. One control animal underwent 240
and fro/en in] liquid nitrogen for assays of the amount minutes of reperfusion. but due to technical ditli-
of free malondialdehyde. the water content, and the culties, the last measurements were obtained at 21t
NO and XD NO activities. Gray and white matter minutes of reperfusion. Thus. seven dogs were
wAatcr contents wcrc determined by dr'ing at I 10°C to studied in each group, but physiological data at 225
corntant weight. and 240 minutes in the control group represent six

Irec malondialdchydc. an index of lipid peroxida- experiments.
tion. was racsurcd in thc right parietal cerebral :U !ectcd p1y.-,iogical variables are listed in Table
cortex hI tb.. ..... I ' .,aei -t al. 1' Tissue 1. Group measurements were compared before and
was homogenized on ice in 1.1 M Tris buler (pH1 after ischemia and at 60, 121). 180, and 240 minutes of
7.40). An aqueous solution was prepared by prccip- reperfusion. Data are similar in the two groups
itation with acchonitrile lillowcd by centrifugation at except for a lower CSF pressure and a lower Pauo, in
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TioftL 1. Selected Physiological Variables in Dogs Subjected to Global Cerebral lschemnia

Baseline Enid isceemia End rep-2rlusion

Variable Control Allopurinol Control Allopurinol Control Allopurinol

Nlean blood pressure (mmi Ifg) I3 I I 1 125±_17 14;i-38 14 t 2 135±42 139--20
Cerebrospinal fluid pressure (mmr fig)* 63 5111 i6 8-3 12t3 St3

Cerebral perfusion pressure (nim 1 Ig) 115- 11I 1211± 17 142-17 ]016 - 2 126- " 1 1301±20

Temperature (C) 38.65±-_1.45 38.80 -0.501 38.6 _- 0.45 38.70-0-25 38.71 ±11.48 39.I7±11.23

I lernatocrit() 4-1-4 45±4 41--7 44±-3 47-4 47 ±4
pi I 7.4()-().116) 7.41 ±11O.13 7.35,±0.017 7.35 ±01.15 7.40-01.015 7.401±.013

Pao, (mm INI) 94±60 92±7 84±t9 87 -_5 9010II 91t± I
Pa((), (mm ligr32:t23 3S3!38±3 36±5ft5±2 31 ±4

Data are m~ean ±SD. n=7 in each group (except n=6 in control group at end reperfumton).
Th?<ll.15 differept fromn control by repeated measure-, analysis of variance.

the allopurinol group. Mean cerebral perfusion pres- allopurinol group than in the control group (Figure
sure at the end of ischemnia in the allopurinol group 2). Cerebral gray and white matter watcr contents
was lower than, but not significantly different from. were similar in the two groups (Figure 3).
that in the control group. Peak mean arterial pres- Brain XO and XD+XO activities were undetect-
sure was similar (p>0.05S) in the two groups (237±36 able in all allopurinol-treated dogs. In the control
mm Hg in the allopurinol group versus 251 ±43 group. these activities were 3.38± 1.60 nmol xan-
mm Hg in the control group). The cerebral perfusion thine and uric acid/min/g protein for XO and
pressure was at least 60 mm Hg in all dogs. 4.7 1±2.69 nmol xanthine and uric acid/min/g pro-

The time from sacrifice of the dog to placement of tein for XD+XO.
the brain in liquid nitrogen did not differ significantly
between groups. These times were 4.7±-t0.37 minutes Discussion
tor the allopurinol group and 5.3 ±0.47 minutes for A pathological role for XO in ischemia/reperfusion
the control group. injury was first suggested by Granger et al .4 They

Reproducibility of the SEPs was excellent. The proposed that XD was irreversibly converted to XO
coefficient of variation for the baseline SEPs aver- during ischemnia. Then, when oxygen became avail-
aged 3.9%7 in the allopurinol group and 3.2% in the able during reperfusion, superoxide radicals were
control group. Recovery of SEP during the 240 generated by XO as the accumulated hypoxanthine
minutes of reperfusion is shown in Figure 1. Allopu- was oxidized to xanthine and uric acid. We have
rinol-treated dogs had significantly greater recovery
of SEP than the untreated controls. Final recovery 1 200
was 17.3± 13.7% in the alloptirinol group compared
with 5.4±5.5% in the control group (p<.05).*

The amount of free malondialdehyde measured at
the end of reperfusion was higher (p<0.01) in the 4

40) E

T0- 0
E0 600

W T
C<

00

0 80 0 90 120 150 180 210 240

TieAfter lachemia (minutes) Control Allopurinol
Fl(;i R; 1.Grp Imean -Sf)I of percent recovery of base- FIIRli;2. B~ar graph Iniean ± SDI of free inalondialekde

lie omnatos('fsorV evoked potentfial (SEP) during 4 hoursof (D)cneticncabrntsuefdgsith lp-
reperfusion indg.Rcvn nteallopurinol group) (broken ninol and control groups after 15 ininutesv of ischetnia followed

lie ssignificant/v greater (p <0. 0J) i/an f/hat in the cointrol bY 4 hoursofneito. p01dferiioicnrlIn
'5 rup (Nolid line) Wloo' akso et
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90 F Allopurinol pretreatment has been shown to re-
duce tissue injury after ischemiaireperfusion in the

80 heart, intestine, and liver.2"-2 2 Itoh et al 23 examined
70 the effect of allopurinol on cerebral recovery after 4

rhours of bilateral common carotid artery occlusion in
60 spontaneously hypertensive rats. Rats pretreatcd

with the drug had a significantly lower mortality ind
50 a better neurological outcome at 72 hours than

Zuntreated animals. 23 In a rat model of continuous
40 partial ischemia, allopurinol ieduced br~iin infarction

0 30 at 3 and 24 hours. 4 However, in a gerbil model
employing unilateral carotid artery ligation, allopuri-

20 nol pretreatment improved out,:ontc only at 2-4
hours, not at 24 hours. -5 These studies did not

1 0 examine the mechanism by which allopurinol was

0 / protective.

Gray White We used high-performance liquid chromatography
to measure the malondialdehyde content because theFIaURE 3. Bar graph [miean+SDl of brain gray and white mr ovninlasy h hoabtrcai ct

natw c noo t(c bmore conventional assay, the thiobarbituric acid test,
gives artifactually high levels of "malondialdehyde"told control (solid bars) groups. by measuring non-malondialdehyde species. 2".-7 Our

finding of an increased brain malondialdehvde con-
recently shown that irreversible conversion of XD to tent in the allopurinol-treated dogs was unexpected.
XO does not occur in cerebral ischemia/reperfusion This result was not due to a dilutional effect since
injury'. However, a role for XO in brain injury cannot brain water content was similar in the two groups. In
be excluded. Reversible conversion of XD to XO has addition, allopurinol has not been reported to in-
been demonstrated in some tissues during ischemia, crease lipid peroxidation in any in vitro or in vivo
and this XO is a potential source of free radicals system. Since this assay measures the amount of
during rcperfusion.7 .13 In addition, XO accounts for non-tissue-bound malondialdehyde, allopurinol
20 of the total XD+XO activity in the uninjured could have altered the binding of malondialdehyde,
dog brain.2 Since cerebral XO is found principally in increasing the free amount without altering the total
the endothelium2 even a small amount of the oxidase amount. Vitamin E deficiency has been shown to
may cause tissue injury by damaging the blood-brain alter the proportion of free malondialdehyde in rat
barrier. liver, with the percentage of unbound malondialde-

Pretreatment of dogs with allopurinol improved hyde increasing from 8% to 60% when rats are fed a
SEP recovery after 4 hours of reperfusion. Recovery vitamin E-deficient diet.27 Another possibility is that
was associated with inhibition of both XO and XD allopurinol inhibited the metabolism of malondialde-
activities. The Paco, in the allopurinol group was hyde. Experiments using liver and kidney demon-
slightly lower than that in the control group, but this strate that malondialdehyde is first oxidized to malo-

nic semialdehyde, and then decarboxylated to formdifference was small and probably not of physiologic acetaldehyde. Acetaldehyde is oxidized to acetate
significance. Mean cerebral perfusion pressure at the predominantly by aldehyde dehydrogenase. 2 . 29 How-
end of ischemia in the allopurinol-treated dogs was ever, acetaldehyde also can be oxidized by XO.3"
lower than, but not significantly different from, that Inhibiting XO with allopurinol may have led to
in the controls. Even so, both a lower Paco2 and a higher in vivo malondialdehyde levels by altering
lower cerebral perfusion pressure would decrease acetaldehyde elimination. Malondialdehyde may also
cerebral blood flow" and likely inhibit the recovery be produced when prostaglandins are synthesized
of SEP in the allopurinol group. Although rectal, and since arachidonic acid nitabolism is associated with
not brain, temperature was measured, care was taken free radical intermediates.3' If allopurinol protected
to avoid brain cooling by warming the Elliott's B cells so that arachidonic acid metabolism continued,
solution to 38°C prior to infusion. Furthermore, SEP recovery would then be associated with an
unlike in small mammals, a significant effort is increase in brain malondialdehyde content.
nced,.d - -oo; the dog brain by even 10C.15.' In In addition to inhibiting the formation of free
investigations in which the dog brain was selectively radicals, other mechanisms ha" been p-oposed tre
,"2.!cd. rec!ql temneratulM aiso dccreasce.' . "' We "ccount tor tile piotective effect of aiopurinol.
did not observe such a decrease in either group. During ischemia, energy stores are depleted as

We used the SEP amplitude in our study since it has adenosine triphosphate is degraded to the purines
been suggested that this measurement correlates bet- inosine and hypoxanthine. Hypoxanthine can be
ter with cortical ischemia than do changes in laten- further metabolized to xanthine and uric acid by
cy.Il , 1x The SEP amplitude also has been observed to XD or XO. Upon reperfusion, the energy state is
parallel changes in brain oxygen utilization." restored by either de novo synthesis of purine bases
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